Thermal denaturation of RNA free coat proteins of tobacco mosaic virus (TMV) was studied for wildtype TMV (vulgare) and the temperature-sensitive mutant, Ni 118. The ability to form soluble aggregates as well as the optical properties (ORD, UV-difference spectra), and the sedimen tation behavior were used as criteria for the native state.
It has been show n for a num ber of proteins that th eir three dim ensional structure represents the th erm odynam ically m ost favourable conform ation of th eir polypeptide chain under physiological con ditions of solvent and tem perature 1. Sim ilarly, the fo rm atio n of ordered aggregates by native protein m olecules in m ost cases is a consequence of the spe cific p ro p erties of the subunits and the external con ditions 2. T his has been show n in p articu la r for tobacco m osaic virus coat protein (TM V-P) 3, which in the native state is able to form quaternary stru c tures w ith 4 or w ith o u t3 ribonucleic acid. A large n u m b er of TM V m utants has been isolated and a n a lyzed w ith respect to specific am ino acid replace m ents in th e ir coat p ro te in s 6' '. These closely re lated p ro tein species represent a favourable m aterial in the attem pt to define correlations between am ino acid sequence, folding, and aggregation on one hand and external factors on the other hand. The tem pera tu re sensitivity of several TM V m utants in vivo and of th eir coat proteins in vitro 8' 9 has focussed our attention to tem p eratu re as the biologically m ost im p o rtan t param eter.
The follow ing experim ents give evidence for the reversibility of the therm al d en a tu ratio n 10 of RNA free TM V coat p ro tein in an aqueous m edium of low ionic strength. T he tem p eratu re sensitivity of the m u tan t Ni 118 is caused by a shift to a low er tem p eratu re of reversible d en atu ratio n . The results are discussed on the basis of the know n am ino acid replacem ent.
Abbreviations: TMV = tobacco mosaic virus; TMV-P = coat protein of TMV; analogously, vulgare-P and Ni 118-P. ts = temperature-sensitive; cp = concentration of protein (molarity of subunits) ; I = ionic strength (.T /2).
M aterials and M ethod s
TMV wild type vulgare and the m utant Nill8 (re placement proline -leucine in position 20 of its coat protein 6) were used. Purified virus was prepared from infected tobacco leaves by the polyethylene glycol me thod n , native TMV-P by alkaline splitting of the virus and electrophoretic separation of protein and RNA 12. For further technical details see I . e . 9. Concentrated protein solutions were prepared by isoelectric precipi tation with 10% acetic acid. All the solutions used were centrifuged for 20 min at 10,000 g to remove dust and precipitated protein. Sterilized vials were used for lon ger incubations. Protein concentration (cp) was de termined from the absorption at 280 m/i in 50% acetic acid using a molar extinction coefficient of 22,000 based on a subunit mol. wt. of 17,500.
Aggregation test: To determine the proportion of native and denatured protein the different solubility at pH 5.0 and 7 = 0.1 was used. The test was performed as described ea rlie r9 with the following modifications: The protein solutions (at the tem perature to be tested) were incubated in phosphate buffer pH 7.5, 7 = 0.02 (according to G r e e n 13) containing 1 mM /?-mercapto ethanol. Under these conditions the denatured protein is not precipitated. After different time intervals 0.5 ml samples of the protein solution were removed from the water bath, 1.5 ml of ice cold acetate buffer pH 5.0, 7 = 0.13 were added, and the mixture (pH ^5 , 7^0 .1 ) was kept for 20 minutes in an ice bath. The denatured protein, which precipitated under these conditions, was removed by centrifugation at 1,300 x g for 10 minutes. The concentration of the native fraction in the super natant was determined spectrophotometrically at 280 m/i (Zeiss PMQ II) ; to reduce light scattering the probes were diluted with an equal amount of glacial acetic acid.
Optical rotatory dispersion (ORD) and UV spectra: ORD spectra were measured in a Cary 60 spectropolarimeter using temperature jacketed cells (1 cm) and 0.02 mM protein solutions which were equilibrated at the desired temperature for at least 5 hours. The ac curacy of the optical measurements was limited by a small amount of irreversible precipitation, which some times occurred after long incubation periods. UV spec tra and UV-temperature difference spectra (20" vs 25, 27, 30, 35, 41 cC) were performed in a Beckman DK 2A spectrophotometer using tem perature jacketed cells (1 cm ).
Sedimentation analysis: Sedimentation velocity experi ments at different tem peratures (20.0 -40.0 + 0.2 C) were performed in an analytical ultracentrifuge (Beck man Spinco E) using normal 12 mm cells and schlieren optics. Sedimentation coefficients were calculated from log r vs t plots and corrected for water viscosity at 20 °C. Ni 118. The denatured proteins remain in solution at pH 7.5, I = 0.02, whereas they precipitate at pH 7.0, 7 = 0.1 (phosphate-NaCl buffer9) or after changing the pH to 5.0 by dialysis at high or at low temperature.
R esults
The ORD spectra of vulgare and Ni 118 proteins show no difference in the range of error. Therefore, only the differences between the native and the de natured states have to be discussed. As reported by tional UV-temperature difference spectra with N i 118-P in the range between 230 and 360 m/t show zle-minima at 284 and 293 m/< using one sample at 20" as reference and another one at T ^ 2 5 3 in the sample beam. The result which resembles the difference spectrum of 61% formamide denatured TMV-P vs native T M V -P 15 supports the sugges tion 14 that tryptophane might be involved in the second Cotton effect. Sedimentation analysis revealed a difference be tween the native proteins of the two strains, N i 118-P having a lower sedimentation coefficient than vulgare-P in the whole range of cp . In both cases the concentration dependence shows the typical behav ior of reversibly aggregating systems (Fig. 2 ) . Un- 
Equilibrium and reversion experi ments
Thermal denaturation and renaturation after heat treatment at temperatures near the equilibrium of denaturation were measured with the aggregation test (Fig. 3 ) . The results prove the denaturation to be reversible under constant solvent conditions. This conclusion is based on the follow ing observations: a) Denaturation at an appropriate temperature, about 3 5° for vulgare-P and about 2 5° for N i 118-P, reaches an equilibrium after several hours. b) A ^ 90% denatured sample of either protein can be renatured partially by incubating for several hours at 30 to 3 5° (vulgare) or 20 to 2 5° (N i 118). With increasing renaturation temperature the initial rate of renaturation increases whereas the final yield in renatured protein decreases. The lesser degree of reversibility in the case of Ni 118 (Fig. 3) may be due either to the higher temperature used for denaturation (35 ) as com pared to the specific "melting temperature" of this protein (see below) or to a certain amount of ir reversible precipitation.
Taking the depth of the trough as a measure for the fraction of the native protein, the temperature dependence of the denaturation equilibrium has been studied (Fig. 4 ) . To preclude effects of de naturation kinetics as far as possible, the solutions were incubated at the respective temperatures for several hours, since time dependent measurements of optical rotation at 232 m tu had shown that it takes about 50 min to reach the final state of de- An error of + 3% in the measurement of aT is indicated.
naturation equilibrium at 40 C (TMV-P vulgare).
When solutions of vulgare-P were denatured at dif ferent temperatures (30 min) and afterwards kept at lower temperatures for several hours, the ORD spectrum of the native protein was partially restor ed. Thus the sigm oidal shape of the temperature dependence of the depth of the trough again indica tes the reversibility of the reaction. The same ex periment with Nill8 was difficult to perform the optical measurements being disturbed by small amounts of precipitated protein.
Reversibility of the denaturation includes rever sibility of particle association as proved by ultra centrifugation. The results given in Fig. 5 show par tial reversion of the sedimentation behavior after slowly cooling down the denatured Ni 118-P at 25, 20. and 15 C for 20 hours (in total) before cen trifuging at 20 C (Fig. 5 c ) . The yield of renatured protein did not exceed 30 per cent. Contrary to the ORD results which might be explained by a series of structures with different stabilities, the sedimen tation experiment clearly shows the coexistence of native and denatured molecules in solution as two distinct species. The fraction of the protein which showed the low sedimentation coefficient ( ~3 S) of native TMV-P, after " tempering" at pH 7.5, / = 0.02 was equally able to form ordered aggregates of se veral hundred S upon subsequent dialysis against 
